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Abstract

The electron-donating properties of the axial His ligand to heme iron in cytochromes ¢ (cyts ¢) are
found to be correlated with midpoint reduction potential (Ey,) in variants of Hydrogenobacter
thermophilus cytochrome cgsy (Ht cyt cgg0) in which mutations have been made in and near the
Cys-X-X-Cys-His (CXXCH) heme-binding motif. To probe the strength of the His-Fe(l1)
interaction, we have measured 13C nuclear magnetic resonance (NMR) chemical shifts for 13CN~
bound to heme iron trans to the axial His in Ht Fe(lll) cyt csgo variants. We observe a linear
relationship between these 13C chemical shifts and E,, indicating that the His-Fe(I11) bond
strength correlates with E,,,. To probe a conserved hydrogen bonding interaction between the axial
His H81 and the backbone carbonyl of a Pro residue, we measured the pKj, of the axial His H51
proton (pKa(2)), which we propose to relate to the His-Fe(I11) interaction, reduction potential and
local electrostatic effects. The observed linear relationship between the axial His 13CB chemical
shift and E,, is proposed to reflect histidinate (anionic) character of the ligand. A linear
relationship also is seen between the average heme methyl 1H chemical shift and E,, which may
reflect variation in axial His electron-donating properties or in the ruffling distortion of the heme
plane. In summary, chemical shifts of the axial His and exogenous CN™ bound trans to His are
shown to be sensitive probes of the His-Fe(l1l) interaction in variants of Ht cyt cs5o and display
trends that correlate with Ey,.

Introduction

Iron-protoporphyrin 1X (heme) is a widely distributed cofactor, and proteins containing
heme are critical to an array of functions, including cellular respiration, photosynthesis,
cellular signaling, gene regulation and oxygen sensing.1=2 A number of factors are
recognized to modulate heme function including the type and number of heme axial ligands,
3-5 hydrogen-bonding interactions with heme substituents and ligands,*¢~9 dynamics in the
heme pocket,10-11 and heme conformation.12-14 His is the most common axial ligand found
in heme proteins, 15716 and His-ligated heme proteins perform a wide variety of functions,
including O, transport and storage (globins),19:17 substrate oxidation and hydrogen peroxide
reduction (peroxidases),18 and electron transfer (cytochromes).19=20 An unresolved question
is how such variation in function and reactivity can be achieved in proteins containing the
same redox cofactor and His-ligation at the active site. For example, proteins with bis-His
axial ligation often function in electron transfer and exhibit a large range (~0.8 V) of
midpoint reduction potentials (E,,) despite conservation of heme ligation.1:15:16,21-22
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Electron-donating properties of iron-coordinating His residues play an important role in
determining the reactivity of heme-containing proteins.3:®23 The amount of histidinate
(His™), or anionic, character of the proximal His ligand contributes to determining relative
stability of different oxidation states, and therefore to determining potential and reactivity.5~
7:24=25 1t has been proposed that the strength of the hydrogen-bonding interaction with the
proximal His ring NH is related to the His™ character, and mediates the strength of the Fe-N
bond.1:4:6=7:18,26 | peroxidases, for instance, the His ring NH has a strong hydrogen bond
to an asparate or glutamate side chain. In globins and many cytochromes, a weaker
hydrogen bond is formed to a backbone carbonyl oxygen. A strong hydrogen bond to the
His ring NH has been proposed to contribute to the strength of the electron donation to the

heme iron, stabilizing the higher oxidation state necessary for catalysis in peroxidases.
1,6,18,26—27

An additional variable in modulation of heme protein reactivity is the type of heme. Heme b
and heme c are the most common types of heme found in proteins, and are differentiated
from one another only by the covalent attachment of heme c to the polypeptide.2? Covalent
attachment of heme c is generally via a conserved Cys-X-X-Cys-His (CXXCH) motif, in
which two cysteines form thioether linkages to the heme, X-X represents any two amino
acids other than Cys, and His serves as the proximal axial ligand to the heme iron (Figure 1).
Significant interest has been expressed in the functional importance of the covalent
attachment, which comes at a high biochemical cost (since heme c is synthesized from heme
b).28-33 |t is particularly notable that heme c displays a greater range of reduction potentials
in nature relative to heme b when comparing heme proteins with the same ligand set.21722,33
We hypothesize that the CXXCH heme-binding motif plays a role in making subtle
adjustments in second-sphere interactions with the axial His in c-type heme proteins that
may have substantial functional implications.11: 22, 34

NMR is a powerful technique for investigating the interactions between heme, the
coordinating ligands, and the surrounding protein environment. In Fe(lI1), S = 1/2 heme
proteins, the unpaired electron can cause chemical shifts of active-site nuclei to be shifted
outside of the diamagnetic region. The resulting observed chemical shift, 5,5 can be
expressed as:

Gobs=0dia+Ont=0dia+0con ‘H;pc (1)

where 34, is the shift in a diamagnetic reference molecule and dy¢ is the contribution to the
observed shift by the interaction between the unpaired electron and nucleus.1”:35737 The &y
can be further broken down into a through-bond Fermi contact (FC) component (3.op), and a
through-space pseudocontact (PC), or dipolar, component (5pc). The FC component of the
observed chemical shift results from through-bond interactions transferring spin density to
the nucleus being observed, and is highly sensitive to bonding interactions within the active
site. Proton NMR has been used for the investigation of His-Fe(lll) interactions, and His
ring proton chemical shifts are proposed to be indicators of His™ character of the axial His
ligand.1:6-7:11,38-39 |n work on 13CN~-Fe(lIl) ligated heme proteins, Fujii and coworkers
have proposed that the chemical shift of 13C bound trans to His reports on the strength of
the electron donation from His to Fe(l11).40-42

In this work, we use NMR to investigate the His-Fe interaction in cytochromes c (cyts c),
heme c-containing proteins. We measure and analyze hyperfine shifts in a series of variants
of Hydrogenobacter thermophilus cyt csso (Ht cyt c557) in which mutations have been made
on the “proximal” side of the heme near and within the CXXCH heme-binding motif
(residues 12-16). Analysis of the structure of Ht cyt cs5p near the CXXCH motif and
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comparison to the structure of the homologous Pseudomonas aeruginosa (Pa) cyt 551
guided the selection of variants.11:43=44 The amide protons of Cys15 and His16 are
positioned to form hydrogen bonds to the carbonyl oxygen of Cys12 (Figure 1). One of the
‘X’ residues, Met13, was targeted for mutation and replaced with Val, the corresponding
residue in Pa cyt cs51. The Lys residue at position 22 is positioned near Pro25, which
hydrogen bonds with His16, and the CXXCH segment. We anticipated that replacement of
the charged Lys residue with a hydrophobic Met (the corresponding residue in Pa cyt csg1)
would stabilize the CXXCH structure. Mutations of these residues in Ht cyt cs5, were found
in a previous study to significantly decrease the hydrogen exchange rates for Cys15 and
His16 within the CXXCH motif, consistent with stabilizing the hydrogen bonding
interactions involving these residues.1! Changes in Ep, by up to 81 mV have been observed
for the series of variants (Table 1).11 We have hypothesized that hydrogen-bonding
interactions in the heme pocket, both within the CXXCH motif and between the axial His
(His16) H51 and the Pro25 backbone carbonyl, modulate the His™ character in these proteins
which we assess via His side chain hyperfine shifts (Figure 1).11 To probe hydrogen
bonding between His16 H51 and Pro25 CO, we have determined pK, values of the axial His
H31 proton (pKy(2))- To further investigate how these mutations affect the His-Fe(l11)
interaction we have measured 13C chemical shifts of cyanide (23CN™) bound trans to the
axial His.# This study illustrates that chemical shifts of axial ligand nuclei are powerful
probes of subtle changes in heme protein active sites.

Experimental Section

Protein Expression and Purification

The plasmid pSCH55261A% (Amp") was used as a template for site-directed mutagenesis of
Ht cyt c550. Mutants (Ht-M13V/M61A, Ht-K22M/M61A, and Ht-M13V/K22M/M61A)
were prepared using the QuikChange Il kit (Stratagene). All Ht cyt cggp variants were
expressed and purified as previously described.11:46=47 Uniformly 1°N-labeled samples
were prepared by expression on minimal medium containing [*°N, 99%]NH,CI (Cambridge
Isotope Laboratories) as the sole nitrogen source as previously described.11:48

NMR Spectroscopy to Detect Axial His Nuclei and Heme Methyl Protons

Detection of the His16 CB-Hp cross peaks, heme methyl protons and Met61 CelH3 protons
used oxidized Ht cyt c5gp, Ht-M13V, Ht-K22M, and Ht-M13V/K22M samples (1-3 mM
protein, 50 mM NaP;, 10% D0, 5-fold excess K3[Fe(CN)g]). Designations for axial ligand
and heme methyl nuclei are shown in Figure 2. Spectra were collected on a Varian INOVA
500-MHz spectrometer (operating at 499.839 MHz for 1H) at 299 K. 1-D 1H spectra of
samples at pH 7.0 were collected as previously described and assigned using standard
methods, assisted by literature assignments.11:47 2-D 1H-13C (natural abundance)
heteronuclear multiple quantum coherence (HMQC) spectra of samples at pH 7.0 were
acquired with 2048 points over a spectral width of 40 kHz in the 1H dimension and 1024
increments over a spectral width of 50 kHz in the 13C dimension, with 64 scans and a
recycle time of 0.55 s. 13C chemical shifts were indirectly referenced to 1H,0. H-15N
heteronuclear single quantum coherence (HSQC) spectra of uniformly 1°N-labeled Ht cyt
Cs52, H-M13V, Ht-K22M, and Ht-M13V/K22M (1-3 mM protein, 50 mM NaP;, 10% D,0,
5-fold excess K3[Fe(CN)g]) were acquired with 1024 points over a spectral width of 12 kHz
in the IH dimension and 128 points over a spectral width of 8 kHz in the 1°N dimension,
with 8 scans and a recycle time of 1.5's. The H51-N31 cross peak of the axial His was
enhanced by using a relatively high Jyn value (135 Hz), which selectively increases the
intensity of cross peaks for nuclei that have short relaxation times.1! A series of HSQC
spectra were collected for each variant over a pH range of 5.3 to 12.2 for pKj(y)
determination. For Ht cyt cgsp wild-type and Ht-M13V/K22M, the titration was started at
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acidic pH (~5.3). Because there was little change observed in the chemical shift between pH
5 and pH ~9, for the single mutants the titration was started at pH 6.55 (Ht-K22M) and pH
6.97 (Ht-M13V). To adjust the pH of these samples, uL amounts of 1 M NaOH were added.
At pH values > 10.9 for wild-type and > 11.3 for Ht-M13V, the number of transients was
increased from 8 to 32 to enhance detection of the axial His H31-N31 cross peak. 1-D 1H
and 2-D 1H-1°N HSQC spectra of all samples were examined to verify structural integrity of
the samples as pH was increased. For the ferrous proteins (pH 7.0), samples were reduced
with 5-fold excess sodium dithionite (Sigma) and HSQC spectra were obtained for each
variant, with parameters as reported above but with a Jyy of 94 Hz. 2-D spectra were
processed with NMRPipe*? and assigned using SPARKY .20

NMR Spectroscopy of Fe(lll)-CN™ Derivatives

Oxidized Ht-M61A-13CN, Ht-M13V/M61A-13CN, Ht-K22M/M61A-13CN, and Ht-M13V/
K22M/M61A-13CN samples (2-3 mM protein, 50 mM NaP;, 10% or 99.9% D,0) were
prepared by adding 10-fold excess Nal3CN (Cambridge Isotope Laboratories) and adjusting
the pH* (uncorrected) to 9.0 with uL amounts of 1 M NaOH. Cyanide binding was
monitored by UV-vis spectroscopy and 1-D 'H NMR. 1-D 13C spectra were collected on a
Varian INOVA 600-MHz spectrometer (operating at 599.999 MHz for 1H), using a
broadband probe. 13C NMR spectra were obtained with a recycle time of 75 ms; to obtain an
acceptable signal-to-noise ratio for the 13C signals 106 transients were required. 1-D spectra
were processed using SpinWorks.

IR Spectroscopy of Fe(ll)-CO Derivatives

IR spectra of reduced Ht-M61A-CO, Ht-M13V/M61A-CO, Ht-K22M/M61A-CO, and Ht-
M13V/K22M/M61A-CO (1.5-2.0 mM protein, 50 mM NaP;) were collected on a Shimadzu
FTIR spectrometer. Samples were deoxygenated and then reduced using a 2-fold excess of
sodium dithionite. Carbon monoxide gas was flowed over the sample for 10 to 15 min. CO
binding was monitored by UV-vis. A baseline spectrum was obtained with the same
concentration of protein (not CO-ligated), after which the CO-ligated sample was transferred
to a CaF, IR cell using a gas-tight syringe. A total of 600 scans at 2 cm™! resolution with a
window of 1750-2050 cm™1 were taken for each variant.

Pseudocontact Shift Calculations

The PC shifts for Ht cyt csgs, nuclei were approximated using the relationship dpc =
(1/127r3)*[(Ayax*3c0s(0) — 1) + (3/2)*(Axn*sin?(0)cos(29)], where Ayxay and Ay, are axial
and rhombic magnetic susceptibility anisotropies® and r, 8, and ¢ are the polar coordinates
for the nucleus’ position in the magnetic frame. Structural coordinates from the published
structure of Ht cyt csg, were used.>2 These calculations were assisted by software written by
Linghao Zhong.>?

Results and Analysis

Analysis of Ht Cyt cgs52 Heme and Axial His Fermi Contact Shifts

The FC shift is a probe of spin density at the nucleus resulting from through-bond
interaction with the paramagnetic center.17:36 Given the thorough resonance assignments of
Ht cyt cs50 and previous characterization of its magnetic anisotropy,>? it is possible to use
Equation 1 to estimate the FC contribution to the observed chemical shifts in ferric Ht cyt
cs52 Which is of value because the FC shift provides sensitive information on metal-ligand
bonding.17:35:36 Using the chemical shifts in the Fe(Il) oxidation state as a diamagnetic
reference®’ and previously described magnetic axes to approximate the PC shift
contribution,®! we have estimated the FC contribution to the chemical shifts observed for
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selected heme and axial His nuclei in Fe(l11) Ht cyt cs5, (Table 2). The iron center has
positive spin density,14 and the delocalization of that spin density can be observed from the
FC contribution to the observed chemical shift, where the sign of the spin density alternates
at each ¢ bond beyond the porphyrin core or on the ligating amino acid as a consequence of
spin polarization.36:53 As expected for nuclei two bonds from the porphyrin core, the heme
methyl 1H chemical shifts have positive FC contribution (the average for the 4 methyls is
21.8 ppm). Consistent with being three bonds from the iron, the Met61 CelH3 protons
exhibit a large negative FC shift (—38.5 ppm). The downfield shift observed for His16 H52
is consistent with a dominating positive PC contribution (36.9 ppm) and a smaller negative
FC contribution (—20.4 ppm). His16 Hel 3,y is shifted upfield because while the overall FC
contribution (—23.6 ppm) is similar to that of H52, there is a smaller (though still positive)
PC contribution (6.6 ppm). The spin density, and therefore FC shift, at H62 and Hel are
both expected to be negative, and of approximately the same magnitude, because of spin
polarization through three o bonds from the positive spin density at the Fe center. The PC
shift depends on the location of the nucleus with respect to the axes of the magnetic
anisotropy tensor and the magnetic anisotropy. The large difference in PC shift between H52
and Hel arises from the rhombic anisotropy and the position of each nucleus relative to the
magnetic axes which are determined largely by orientations of both the axial His and Met.>4
The FC contribution to the His chemical shifts is attenuated more bonds away from the Fe
center, which makes estimation of the FC and PC contributions to observed chemical shifts
less reliable. Based on the patterns observed for the other His nuclei, however, the sign of
the FC contribution to the His No1 chemical shift should be negative and to the His H51
shift should be positive. It is important to note that the PC shifts determined from magnetic
axes for nuclei very close to the iron have large uncertainties because of their high
sensitivity to position within the magnetic axes. Thus the PC and FC shifts stated above
should be treated as indicative of magnitude and sign of shifts rather than as precise values.

Analysis of Chemical Shifts in the Variants

The chemical shifts of axial His ring protons have been proposed to reflect histidinate
character of axial His ligands in paramagnetic heme proteins.’+11:25,55-56 The His16 Cp
chemical shift for Ht cyt cggo wild-type is downfield relative to the chemical shift of the
double mutant (Table 1), and the Cp chemical shifts correlate linearly with the reduction
potential observed in these variants (0.023 £ 0.004 ppm/mV; Fig. 4C). These results suggest
that relative shifts of the axial His Cp reflect the relative histidinate character in heme
containing proteins when comparing proteins of the same ligand set. The impact of the
mutations on the Fe(I1) oxidation state was investigated by using 1H-1°N HSQC to measure
the His16 H51-No1 cross peak for the ferrous species. Formation of hydrogen bonds has
been observed in some systems to cause proton chemical shift differences of 15-20 ppm,>’~
58 and as a function of hydrogen bond strength in diamagnetic proteins, amide proton
chemical shift changes of up to 4 ppm are expected.>859 His ring nitrogen chemical shift
differences of ~10 ppm have been observed when the His ring NH proton forms a hydrogen
bonding interaction in model complexes.89 Here the His16 H51-N&1 chemical shifts in the
ferrous oxidation state exhibit almost no change across the series of variants (Table 1),
indicating that the mutations have little impact on the axial His 3NH in the ferrous proteins.

Heme methyl proton chemical shifts are dominated by the FC shift, and provide information
about the delocalization of the unpaired electron in the porphyrin ring.61 The orientation and
donor properties of the axial ligands as well as heme distortions from planarity can impact
the heme methyl 1H chemical shifts.14:53—54,56,62-63 The average heme methyl proton
chemical shift reflects the spin density at the B-pyrrole positions (Table 1).14:53 The average
heme methyl proton chemical shift has a linear correlation with E,, in the variants (Figure
4D). The axial Met61 CeH3 protons exhibit upfield chemical shifts that are dominated by a
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FC shift contribution. The mutants exhibit increased upfield shifts for the axial Met61
CelH; (Table 1). The changes observed in the average heme methyl proton chemical shift
and axial Met61 CelHj3 shift are consistent with decreased spin density on porphyrin ring
substituents and increased spin density on the axial Met in the variants with lower Ep,.

pH Dependence of Proximal His H81 and N&1 Chemical Shifts in Ferric Species

To probe the relationship between the conserved hydrogen bond between His16 H51 and
Pro25 CO and the reduction potential, measurements of the His16 H51-N&1 cross peak for
the Fe(111) species over a range of pH values were performed with 1H-1°N HSQC. As the pH
is increased for all Ht cyt cggo variants, the His16 H31-N3&1 cross peak shifts downfield in
both the H and 1°N dimensions (Figure 3). The cross peak for wild-type begins to exhibit
modified chemical shifts at a lower pH value (pH ~9.1) relative to the cross peak in Ht-
M13V/K22M (pH ~9.9); for the single mutants the transition starts at intermediate pH
values (Supporting Information). As the pH is increased, the loss of intensity of the cross
peak also begins at lower pH values in wild-type relative to the double mutant (Figure 3).
The His16 H31-N351 cross peak decreases in intensity until it is no longer observable.

Histidine side chains have two pKj values, one corresponding to the first deprotonation
event (HisH* to neutral His, pKy(1)) and the second corresponding to the full deprotonation
(neutral His to His™, pKy(2)). To determine pKy(2) from the pH dependence of the His16 H31
and N&1 chemical shifts, the observed chemical shifts were plotted versus pH and fit using
KaleidaGraph (Synergy Software) according to the following relationship:

Sops=0,+] (AS* 1O(PKG(ZJ—PH))/(1+10(PK&(2)—PH))] @)

where dqps is the observed chemical shift at each pH value, 8g is the chemical shift at the
highest pH observed, and Ad represents the titration shift of the signal from low to high pH.
64 We find that the pKy(2) for the axial His in cyts ¢ is low (10.11 to 10.62) relative to the
pKa(2) for deprotonation of neutral imidazole (14.5) and in a similar range to the pKj(y)
determined for imidazole coordinated to ferrimyoglobin (10.45).55 For the series of variants,
the pKy(2) for Ht cyt csg, wild-type is lower than that of Ht-M13V/K22M (Table 1). The
pKa(z) values determined for the single mutants are intermediate in value. In contrast with
the correlating trends observed in chemical shifts and reduction potential, the correlation
between pKj(2) and Eyy, is poor (Supporting Figure S1). A possible reason is that variants
with the neutral Met in place of the positively charged Lys at position 22 (Ht-K22M and Ht-
M13V/K22M) have increased pKj(2) values because of electrostatic effects. Considering the
possible effect of charge on axial His pKj(2), overall these results are consistent with a
stronger His16 H31-to-Pro25 CO hydrogen bonding interaction in the mutants relative to
wild-type, and thus stronger hydrogen bonding in the lower potential variants. These results
indicate that the hydrogen bonding interaction between His16 H31 and the backbone
carbonyl of Pro25 is influenced by the hydrogen bonding network in the CXXCH motif
which is modified in these mutants as demonstrated in earlier work.1!

Fe(11)-CO Stretch

IR measurements were taken of the v for Fe(l1)-CO ligated protein for the series of
variants incorporating a Met61Ala mutation to open the 6! coordination site. The vco
decreases slightly for the CO derivative of reduced Ht-M13V/K22M/M61A relative to Ht-
M61A (Table 1). These results indicate a slight decrease in the CO vibrational frequency as
E, decreases.
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Fe(lll)-13CN~ Chemical Shifts

The 13C shift of ferric heme-coordinated 13CN~ bound trans to a His has been proposed to
reflect the strength of the His-Fe(I11) bond.40—41 Here, 13CN~ is bound to ferric heme for the
series of variants incorporating the Met61Ala mutation, and 1-D 13C NMR was utilized to
observe the chemical shifts. The 13C resonances of Fe(l11)-13CN~ are found to be far upfield
(~—4000 ppm) and extremely broad (~5000 Hz). The 13C signal for Ht-M61A is shifted
upfield by 85 ppm relative to Ht-M61A/M13V/K22M (Table 1; Figure 4A). The chemical
shift correlates linearly with E, in the series of variants (—1.00 + 0.13 ppm/mV) (Figure
4B). These results indicate decreased o bonding between Fe(l11) and CN™ in variants with
lower reduction potential, and reflect the trans influence of a stronger Fe(l11)-N(His)
bonding interaction. These results are consistent with His16 having more His™ character in
the lower potential Ht-M13V/K22M relative to wild-type, and increased electron donation
from the axial His to Fe(ll1).

Discussion

Heme Reactivity Modulation by Histidinate Character and Hydrogen Bonding

The amount of His™ character of the proximal His in heme proteins has received
considerable attention for its proposed role in modulating heme reactivity. The strength of
hydrogen bonding interactions between the proximal His axial ligand and a hydrogen bond
acceptor is one of the factors determining His™ character, and has been proposed to play a
functional role in many heme containing proteins.8:9:66 In peroxidases, for instance, a strong
hydrogen bond between the proximal His and (often) an Asp increases the electron density
at the heme iron, and promotes O-O bond heterolysis via the “push effect’.6=7:25,27,41,67
Less well investigated is the functional significance and variability of the hydrogen bonding
interaction found in proteins with a backbone carbonyl acting as the hydrogen bond
acceptor. The hydrogen bonding interaction in globins and cyts ¢ could participate in fine-
tuning the E, of the heme, but as it involves a backbone atom as the hydrogen bond
acceptor, it is difficult to manipulate experimentally. Previous results suggest that cyt ¢
variants with a more rigid CXXCH motif have a stronger His-Fe(l11) interaction.1! Here, we
explore this relationship in more depth to lend insight into how subtle differences in heme
pocket architecture may influence heme redox potential.

Chemical shifts of axial His ligand nuclei have been used to probe the imidazolate character
and hydrogen bonding interactions in heme model complexes and in peroxidase and globin
heme proteins.#6=7:24,55,68 Banci and coworkers demonstrated that the chemical shifts of
proximal His protons Hel and H31 in CN™-ligated derivatives correlate to reduction
potentials observed of horseradish peroxidase (HRP), cytochrome c peroxidase (CcP) and
lignin peroxidase (LiP). Specifically, as reduction potential decreases across the series of
peroxidases (LiP > CcP > HRP; -130 mV > -194 mV > -278 mV), both Hel (—9.0 ppm >
—20.6 > —29.9 ppm) and H31 (14.0 ppm > 10.2 ppm > 9.9 ppm) shift upfield.” The chemical
shifts observed have been proposed to correlate to the hydrogen bonding interaction of the
proximal His. In cyts ¢, we have been unable to observe these chemical shifts in the CN™-
ligated derivatives, which precludes direct comparison with work on peroxidases and
globins. In Fe(111) His-Met cyts ¢, however, we observe that the axial His Hel and H51
chemical shifts tend to move upfield in variants with lower reduction potential (Table 1),11
consistent with an increase in spin density on these nuclei and a stronger His-Fe(l11) bond.
The N&1 chemical shifts for the Fe(l11) oxidation state are observed to move upfield in
variants with lower E,, (Table 1), also consistent with an increase in spin density on the
N&1 atom. In the Fe(ll) oxidation state the H31 and N&1 chemical shifts do not change
appreciably (Table 1), indicating that these mutations have a greater effect on the Fe(ll1)
oxidation state than on the Fe(ll) oxidation state. The observation of N31 chemical shifts
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that exhibit differences in Fe(lll)cyt ¢ variants with different reduction potentials shows the
utility of using 1°N chemical shifts in His-ligated heme proteins to investigate His~
character. The His16 CB chemical shifts move upfield as reduction potential decreases,
indicating that the axial His Cp chemical shift in heme proteins also may be useful as a
probe nucleus for changes in His-Fe(l11) interactions. Because it is shifted away from
congested regions of the spectrum, observation of this nucleus usually requires no isotopic
labeling, which may make it more experimentally tractable for observation in a variety of
heme proteins. In summary, changes observed in the chemical shifts of axial His nuclei
reflect increased His-Fe(l11) interaction in variants with lower E,.

Fe(11)-CO Stretch

The well-documented correlation between veec and veo in CO-ligated heme proteins
reflects backbonding between Fe(l1) d,; orbitals and unoccupied CO m* orbitals.6%70 As Fe-
C = bond strength increases, CO bond order decreases, and these changes can be observed in
the linear inverse correlation between the vibrational frequencies. CO bound to iron in heme
proteins is subject to both distal and proximal interactions.®%:71 In 20 pig and sperm whale
myoglobin variants, Phillips et al. observed vcg and veec measurements from 1916 to 1984
cm~1 and 526 to 478 cm™1, and explain the variation observed by changes in polarity and
electrostatics in the distal heme pocket for these variants.”> While there have been a number
of studies investigating the effects of changes in the proximal heme pocket to vco and veec,
it can be difficult to parse out the varying effects of ¢ bonding, = bonding and = back-
bonding.”1:73=73 |t has been observed that donor strength of the ligand trans to CO in the
proximal pocket impacts vco.89:74 When His is the proximal ligand, hydrogen bonding
interactions have been examined for both heme proteins and model compounds.’1:73:75
Franzen has investigated the effects of modifying the hydrogen bonding interaction of the
proximal His in models of the peroxidase active site. Stronger hydrogen bonding to the
proximal His can be correlated with increased Fe(11)-N&2(His) ¢ bond strength and
decreased Fe(l1)-C bond strength for CO bound trans to the His, and also correlated with
increased CO = back bonding interactions with Fe(11).73~74 Franzen therefore proposes that
the vcq stretch for Fe(11) heme proteins is sensitive to the histidinate character of the trans
axial His, and should decrease as His™ increases.”3 Consistent with this proposal,
comparison of the Fe(11)-CO vibrational frequencies of HRP relative to CcP reveals that the
lower potential peroxidase (HRP) exhibits higher veec and lower veg.”:7%:76=77 |n recent
DFT results by Daskalakis and Varotsis, however, it was determined that the vcg changes
for model complexes can be quite small for slight variations in His™ character.”? The
differences observed between fully deprotonated His (vco 1952 cm™1) and neutral His (vco
1993 cm~1) was 41 cm™1, but the difference in vco between neutral His with no hydrogen
bond and His with 2 hydrogen bonding interactions at H31 (vco 1990 cm™1) was only 3
cm~L.71 Here we observe small but systematic changes in v¢g for the Met61-to-Ala CO-
ligated Fe(ll) variants. The vc changes are quite small relative to the experimental
resolution and compared to the relative magnitude of changes observed in peroxidases. They
may therefore reflect only slight alteration in CO bond order in the Fe(ll) oxidation state of
these variants, which is consistent with the proposal based on NMR chemical shifts that
these mutations primarily affect the ferric oxidation state. Conclusions about metal-ligand
interactions using data on only one oxidation state should be interpreted with caution,
because changes observed between protein species or variants may reflect effects primarily
in one oxidation state or the other, or even different effects on the different oxidation states.

Heme Methyl and Met61 Chemical Shifts

In the series of variants under investigation here, we observe upfield chemical shift changes
for the average of the heme methyl shifts (Table 1). La Mar and coworkers observed similar
changes in model heme complexes, in which the deprotonation of an axial imidazole
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resulted in upfield chemical shifts for the heme methyl protons. They propose that the
upfield shift for the average heme methyl chemical shift is consistent with a decrease in
porphyrin-to-Fe, spin delocalization, which is expected if there is increased ¢ donation from
His™ to Fe(111).2% The observations here can be interpreted as a decrease in the spin density
at the heme methyl protons, reflecting a decrease in the Fe, donation to the porphyrin e(n)
orbital, consistent with an increase in His-Fe(l1) interaction. Another interpretation is that
the decrease in the average heme methyl 1H chemical shift reflects an increase in the ruffling
of the porphyrin plane, which we would expect to correlate with a decrease in reduction
potential.14:63 The upfield trend in chemical shift for Met61 CelHs as E,, decreases for the
series of variants may also be expected with increased heme ruffling, although it may also
reflect changes in the axial His bonding. The interpretation of changes in hyperfine shifts
must be made with caution, as multiple active-site changes may affect shifts.

Axial His pK,4 Values

The average pKj(y) value for HisH™ in proteins is 6.6 + 1.0, with 90% of the values found in
the pH range 5.0 to 8.1.78779 Measurements of pKa(y) values for individual His residues are
often undertaken in order to understand the role of His in enzymatic mechanisms.”®81 |n
general pKy(q) is found to be very low in His-ligated to metals; a protonated HisH™ is not
expected to coordinate to the metal. The pKy(o) for imidazole (Im) is approximately 14.5 in
solution.® There are few reports of PKa(2) in proteins because the presence of a fully
deprotonated His is unusual except for metal-coordinated His residues. The pKy(2) imidazole
bound to the heme in myoglobin is 10.34, i.e., approximately 4 units lower than the value in
solution.85:82 The PKa(2) of heme-ligated His has been infrequently measured because it can
be difficult to observe the His ligand across a range of pH values in Fe(l11) heme proteins.
64,83-85 vy and Smith note that in Fe(111) Rhodospirillum rubrum cyt c, the proximal His
H&1 is still observable up to pH 8.5, but could not be measured at higher pH values because
of spectral overlap.8% Wolff and coworkers used diamagnetic gallium-protoporphyrin IX-
substituted Serratia marcescens HasA to measure the pKy(2) of a His with a strong hydrogen
bonding interaction with the proximal Tyr heme axial ligand (pK, of ~9.7).64 The axial His
ligand in HasA is found to have a pKy(p) of ~9.0.81 Here, we take advantage of 1H-15N
HSQC to directly monitor the His16 H51-Nd1 cross peak as a function of pH in the Fe(lll)
oxidation state. It should be noted that simultaneous changes are also observed in the
chemical shifts of the Met61 CelH3 and the heme methyl protons in these variants as a
function of pH. Since the His16 H51-N&1 cross peak decreases in intensity at high pH until
it is no longer observable, but the Met61 CelH3 and the heme methyl protons continue to be
detected, we attribute the changes observed to deprotonation of His16 H31. The increasing
pKa(z) values for the Ht cyt css; variants suggest that the hydrogen bond between His16 H1
and Pro25 backbone carbonyl plays a significant functional role in cyts c. Notably, pKj(2)
broadly tends to increase as E, decreases for this series of variants (Table 1; Supporting
Information) and this supports the proposal that the hydrogen bonding interaction at the
proximal His is important in modulation of E,.

13CN~ Chemical Shifts

Diatomic ligands have been extensively used to probe features of the heme environment in
heme containing proteins. Fujii and Yoshida reported a small, 36 ppm range for the 13CN~
chemical shifts among three species of mitochondrial cyts ¢ (horse heart, bovine heart and
yeast).#! These 13C chemical shifts exhibit little species variation within the experimental
error, in spite of differences in Ep,, values for horse heart (260 mV) and yeast cyt ¢ (290
mV).21:86 Nonaka et al. used both 13C and 15N chemical shifts to probe the proximal His
ligand electron donation and the hydrogen bonding interactions on the distal side of the
protein to elucidate details of the push-pull mechanism of peroxidase heme proteins.*2 We
expect that the structure of the distal pocket of the heme is the same for all of the variants
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under investigation here since mutations were made on the proximal side. Therefore, the
changes that are observed in the Fe(I11)-13CN~ chemical shift should reflect changes
induced by modification of the proximal heme pocket.

The Fe(l11)-CN™ interaction is dominated by o donation from the cyanide lone pair to the
metal d,2 orbital 87788 |t is well-established that = back-bonding in Fe(l11)-CN~ is very weak
and contributes minimally to the bonding interaction.88 Chemical shifts observed in

heme 13CN~-ligated proteins are found to be very far upfield, which is consistent with a
negative spin density, a consequence of spin polarization through the ¢ bond. The 13C
chemical shifts measured for this series of variants are in the same range as those found in
other Fe(111)-13CN~ heme proteins examined by Fujii and coworkers.#0=42 The 13C
chemical shift is dominated by a FC contribution and can be used to report on the electron
donating effect of the trans axial ligand (through a trans ligand influence). As His becomes
a stronger o donor, the CN™ o bond with Fe(ll1) is weakened. This results in a smaller FC
contribution for 13CN~ because the spin density on the 13C nucleus decreases. The
Fe(111)-13CN~ interaction is strongest in the case when the His-Fe(l11) interaction is weakest.
A larger 8 (further upfield) occurs for Ht-M61A-13CN~, which is consistent with the least
His~ character and the highest reduction potential in the series of variants. Thus, the 13CN~
carbon chemical shift is sensitive to differences in the His-Fe(l11) interaction among mutants
with relatively small differences in redox potential, demonstrating the high sensitivity of this
nucleus as a probe of the heme active site.

Conclusion

Subtle changes in the heme environment can have large effects on heme reactivity, but can
be difficult to observe experimentally. NMR spectra of paramagnetic species, however, are
exquisitely sensitive to small but functionally relevant variations in metalloprotein active
sites. The existence of extensive chemical shift assignments for a number of heme proteins
allows us to interpret hyperfine shifts in paramagnetic cytochromes in detail. Chemical shifts
of axial His ring nuclei and of 13CN~ bound trans to the axial His reveal variations in the
His-Fe(l11) interaction brought about by introduction of mutations in the heme pocket.
Greater His™ character will stabilize the Fe(l11) oxidation state relative to the Fe(ll)
oxidation state, and NMR allows for detection of changes in spin density at particular heme
axial ligand nuclei. The observed changes in average heme methyl proton chemical shifts
also are consistent with increased heme out-of-plane ruffling playing a concomitant role in
the decreases in redox potential in the variants. The effects of variations in and near the
CXXCH motif on E,, observed in this study support a functional basis for use of heme c. In
addition, these results provide insight into how the protein environment tunes heme
reactivity in heme proteins more generally.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lys22

Figure 1.

Heme, axial ligands, Lys22, Pro25, and CXXCH motif in Ht cyt cs5,. Hydrogen bonding
interactions (heavy-atom distances of less than 3 A) are shown with dashed lines. Shown in
cyan are the two residues selected for mutation, Met13 and Lys22. The hydrogen bonding
interaction between the axial His ligand and the backbone carbonyl of Pro is highly
conserved in Class | cyts c.
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A) Heme c, with heme methyls 1, 3, 5, and 8 labeled. B) His and Met nomenclature
conventions used herein.
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Figure 3.

Overlay of series of IH-1°N HSQC spectra of H51-N&1 cross peak for A) Ht cyt cssp wild
type and B) Ht-M13V/K22M at increasing pH values (arrow). In wild-type the chemical
shift begins changing at a lower pH value than that of Ht-M13V/K22M.

Inorg Chem. Author manuscript; available in PMC 2011 September 6.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bowman and Bren

Page 17
A B
1
\/\/,,\ -3860 g HtM13V/K22MMB1A-13CN
g -3880
T HEM13VIMB1A-13CN
5 & -3900 .
I_l)) Ht-K22M/M61A-13CN
© 3920
4
/L 2940
—_ HEMB1A-13CN m
-3800 -3900 -4000
3¢ (opm) 160 180 200 220 240
Em (mV)
c D
Htcytess; m
el 218 HEMIGVIK22M
. _ HeM13v m
g Ht-K22M g 216
e Ht-M13V E
o Hel T
& 25 T 214
\a . Ht-K22M
212
| HEM13VIK22M 21 mHcytoss,
2% 160 180 200 220 240 160 180 200 220 240
Em (mV) Em (MV)

Figure 4.

A) 1-D 13C spectra for 1) Ht-M13V/K22M/M61A-13CN, 2) Ht-M13V/M61A-13CN, 3) Ht-
K22M/M61A-13CN, and 4) Ht-M61A-13CN. B) Plot of 13C cyanide chemical shift of

the 13CN derivative of Met-to-Ala variants vs. reduction potential for Ht cyt cssp variants.
C) Plot of His16 13Cp chemical shifts vs. reduction potential for Ht cyt css, variants. D) Plot
of average heme methyl 1H chemical shifts vs. reduction potential for Ht cyt cssp variants.
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